Study Objectives: Children with obstructive sleep apnea have blunted baroreflex sensitivity and increased blood pressure variability. The aim of the study was to test the hypothesis that treatment of sleep apnea by adenotonsillectomy results in significant improvement of baroreflex sensitivity, lowering of blood pressure and blood pressure variability, and an increase in vagal heart rate modulation.
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Introduction
Obstructive sleep apnea (OSA) in adults is associated with an increased risk of cardiovascular morbidity. Hypertension, stroke, heart failure, and coronary artery disease have been closely linked to OSA. 1, 2 Most studies of the mechanisms leading to cardiovascular morbidity in OSA have been conducted in subjects with preexisting cardiovascular risk factors and/or disease. As a result, our understanding of the early mechanisms of cardiovascular disease in OSA is incomplete. In the absence of this knowledge, the causal relationship between OSA and cardiovascular disease remains inconclusive.
There is compelling evidence that autonomic dysfunction precedes the onset of hypertension 3, 4 and is an independent risk factor for end-organ damage and cardiovascular morbidity. 5 , 6 Impaired vagal control of the sinoatrial node, as expressed by reduced baroreflex sensitivity and an increase in sympathetic tone, characterizes the initial stages of autonomic dysfunction in patients at risk for cardiovascular disease. 7 The baroreflex buffers changes in blood pressure (BP) through the negative feedback regulation of heart rate (HR), cardiac contractility, and vascular resistance.
In previous work, we demonstrated that BP variability is increased in normotensive children with OSA and is associated with left ventricular remodeling. 5, 6 The analysis of nighttime baroreflex control of HR revealed decreased baroreflex sensitivity in children with moderate to severe OSA compared to healthy controls. 8 Furthermore, rising baroreflex sensitivity during the night, which was observed in healthy controls, was absent in children with moderate to severe OSA. These findings are consistent with studies demonstrating baroreflex dysfunction and increased BP variability in adults with OSA. 9 , 10 In light of these data, we hypothesized that treatment of OSA through surgical removal of the adenoids and tonsils would result in improvement in nighttime and daytime baroreflex sensitivity in children with moderate to severe OSA, and would restore the pattern of rising baroreflex sensitivity during the night. We additionally hypothesized that declines in measures of OSA severity after adenotonsillectomy would predict improvement in baroreflex sensitivity. To elucidate the early stages of autonomic impairment in patients with OSA, we focused our investigation on children with the disorder who were free from other chronic illnesses.
Methods

Subjects
Children ranging in age from 7 to 13 years with hypertrophy of palatine tonsils who were scheduled for adenotonsillectomy due to nightly snoring were recruited for this study from the Otolaryngology clinics and the community. The inclusion criteria for the OSA group were: (1) absence of chronic medical conditions or genetic syndromes, and (2) overnight polysomnography (PSG) consistent with the diagnosis of OSA, which was defined as an obstructive apnea-hypopnea index (AHI) greater than 1 per hour of sleep. These children were subdivided into those with mild OSA, defined as 1 < obstructive AHI < 5, and those with moderate to severe OSA, defined as an obstructive AHI > 5. Age-and gender-matched healthy children comprised a control group. Inclusion criteria for the control group were: (1) absence of habitual snoring, and (2) absence of OSA or alveolar hypoventilation on PSG. Children receiving chronic medications were excluded if they were unable to temporarily discontinue their use.
Parents provided informed consent and children provided assent. Results of pre-treatment baroreflex sensitivity from the same study population were previously published. 8 The institutional review board approved this study and written informed consent/assent was obtained.
Study Design
Evaluation at the time of enrollment included a history and physical examination and determination of body mass index (BMI). Children with OSA underwent adenotonsillectomy within 1 month of this baseline assessment. Overnight PSG and continuous BP and ECG monitoring were repeated at 6 weeks and 6 months after surgery. Children in the control group underwent the same assessment at baseline and 6 months later. All children underwent overnight PSG performed according to American Thoracic Society standards 11 using a computerized system (Grass, Telefactor, West Warwick, RI). Simultaneous continuous BP monitoring was obtained through finger arterial photoplethysmography (Portapres, TNO-TPD Biomedical Instrumentation, Amsterdam, The Netherlands). Electrocardiography (ECG) was recorded using a Grass Telefactor system with standard ECG electrodes. RR-intervals were calculated from the ECG data using custom software employing a derivative and peak detection algorithm. The RRinterval data was manually reviewed to identify and remove artifact and ectopic beats. Systolic (SBP) and diastolic (DBP) blood pressures were determined from the photoplethysmography data as the maximum and minimum pressure, respectively, during each heartbeat. Data were acquired at 500 Hz per channel.
PSG interpretation was performed by the principal investigator (RA), who was blinded to subjects' medical history. Sleep staging, arousals and obstructive apneas / hypopneas (AHI)
were defined and scored according to the standard criteria as previously described. 5 The obstructive AHI was defined as the number of obstructive apneas, obstructive hypopneas and mixed apneas per hour of sleep. The arousal index was defined as the number of arousals per hour of sleep. The oxyhemoglobin desaturation index (DI) was defined as the number of episodes per hour that SaO 2 decreased by > 3%. The percent of sleep time spent with end tidal CO 2 greater than 50 was calculated.
Data Analysis
Spontaneous baroreflex sensitivity was analyzed in the time domain through the sequence method. 12, 9 The sequence method is based on the assumption that concurrent linearly-related increases or decreases in SBP and RR-interval reflect baroreflex activity. Open loop computer analyses were employed to detect sequences of three or four heartbeats in which SBP increased by at least 1 mm Hg and RR-interval increased by at least 5 milliseconds between each beat.
Three or four beat sequences in which SBP and RR-interval concurrently decreased to this degree were also identified. The slope of the regression of SBP against RR-interval describes baroreflex sensitivity in the time domain. Baroreflex sensitivity, or sensitivity (BRS), was assessed separately for ascending (+SBP/+RR-interval) and descending (-SBP/-RR-interval) sequences.
Baroreflex sensitivity was analyzed in the frequency domain through the alpha (α) method. During sleep, data that coincided with obstructive apneas and hypopneas were excluded from analysis. This approach enabled comparison of baroreflex sensitivity parameters between control subjects and children with OSA without the confounding effect of obstructive events.
Statistical Analysis
BMI measurements were converted into Z scores (BMIZ) according to the standards published by the CDC. 13 Chi-square tests were used to test for group differences in gender and race frequencies. Group differences in continuous variables were tested with the Kruskal-Wallis nonparametric test. The Wilcoxon signed-rank nonparametric test was used to test for withingroup differences in all variables between study assessments. Spectral data, time domain measures of baroreflex sensitivity, RR-interval, and BP parameters were normalized by natural log transformation (noted as "log" throughout).
The primary analyses were conducted using the available case method. 14 Standard modeling assumptions for this approach are consistent with the intention to treat principle.
To ensure that the conclusion was unbiased, missing data, attrition patterns for each of the groups with respect to baseline, clinical and demographic characteristics of subjects were compared. A mixed effects model was used for analysis of unbalanced or incomplete outcome data; this method has been recommended as a principled approach in prospective sleep disorder trials. 15 The estimated effects of treatment of OSA on trend of baroreflex were measured in available and complete cases. Available cases included subjects who completed the baseline visit and either the 6-week or 6-month visits for the OSA group and the baseline visit for the controls.
Complete cases included subjects who completed all three-time points for the OSA group and the baseline and 6-month visits for the controls.
Inferential Analysis
Three-step analysis plan was conducted to determine the effect of OSA treatment by adenotonsillectomy on baroreflex sensitivity and BP parameters. The first step aimed to determine whether children with OSA experience an increase in baroreflex sensitivity and a decrease in BP variability after adenotonsillectomy. Baroreflex and other cardiovascular parameters were modeled through nested repeated-measures analysis of covariance controlling for age, BMIZ, gender, and race. A linear trend analysis was used to examine the association of time (in weeks -0, 6 and 24) since adenotonsillectomy with each parameter of interest for sleep apnea subjects. The second step sought to determine whether adenotonsillectomy results in changes in the pattern of baroreflex sensitivity over the course of the night. Testing for monotonic increasing behavior of the baroreflex parameters was performed at each assessment using isotonic contrasts for ordered alternatives. 16 Isotonic contrast is a statistical technique aimed at assessing monotone increasing patterns of responses, to determine whether or not baroreflex parameters demonstrated any consistent increases during the night. Baroreflex sensitivity was considered to be consistently rising if a monotonic increasing pattern was observed through at least the sixth hour of the night. The third step aimed to determine whether declines in measures of OSA severity after adenotonsillectomy predicted improvement in baroreflex sensitivity. Baroreflex parameters at the 6-month assessment were modeled against changes in the obstructive AHI, DI, and arousal index over the 6-month period as well as baseline demographic, PSG and baroreflex parameters. Significance level for all tests was set as α = 0.05. SAS software (SAS Institute, version 9.2, Cary, NC) was used for all analyses.
Results
Study Population
One hundred and ninety-four children were enrolled in the study. Table 1 . Adenotonsillectomy in children with OSA resulted in significant declines in measures of OSA severity (Table 2) .
Changes in Baroreflex Sensitivity after Adenotonsillectomy:
Severe OSA During wakefulness, BRS significantly improved across the three time points (baseline, 6 weeks, and 6 months) for ascending (β = 0.008 ± 0.003, P = 0.006) and descending sequences (β = 0.007 ± 0.003, p = 0.02) as well as for high-frequency α (β = 0.012 ± 0.003, P = 0.0001) and lowfrequency α (β = 0.004 ± 0.002, P = 0.024). During sleep, children with severe OSA demonstrated significant improvement in BRS for ascending and descending sequences and in the high-frequency α over the 6-month period. There were no significant changes observed in low-frequency α during sleep (Table 3 , Figure 1 ).
Mild OSA
During wakefulness, there were no significant changes in BRS over the 6-month follow-up period for high-frequency α (β = 0.006 ± 0.004, P = 0.14), low-frequency α (β = 0.002 ± 0.003, P = 0.39), or in the time domain analyses for ascending (β = 0.003 ± 0.003, P = 0.35) and descending (β = 0.003 ± 0.003, P = 0.35) sequences. During sleep, children with mild OSA demonstrated significant improvements over the 6-month period in BRS for ascending and descending sequences and in high-frequency α ( Table 3 , Figure 1 ).
Healthy Controls
During wakefulness, there were no significant changes in BRS over the 6-month follow-up period for high-frequency α (β = 0.004 ± 0.003, P = 0.29), low-frequency α (β = 0.004 ± 0.003, P = 0.13), or in the time domain analyses for ascending (β = 0.001 ± 0.003, P = 0.7) and descending (β = 0.003 ± 0.003, P = 0.3) sequences. During sleep, only high-frequency α significantly increased over the 6-month period (Figure 1 ).
Trend analyses of BRS in available and complete cases did yield similar results, demonstrating the internal validity of the study (Table 3) .
Degree of Normalization of Baroreflex Sensitivity after Adenotonsillectomy
At the 6-month visit, while a significant increase in high-frequency α was demonstrated in children with severe OSA, they continued to have lower high-frequency α compared to healthy 
Determinants of Improvement in Baroreflex Sensitivity after Adenotonsillectomy
In a model which included age, gender, race, BMI Z score, baseline obstructive AHI, change in AHI, and baseline BRS, the decrease in the obstructive AHI after adenotonsillectomy predicted significant improvement in high-frequency α and in BRS for ascending and descending sequences over the 6-month period (Table 4) . 
Cardiovascular Variability after Adenotonsillectomy
During wakefulness, SBP variability in the high-frequency range decreased only in subjects with severe OSA after adenotonsillectomy (β = -0.21 ± 0.004, P < 0.0001). SBP variability in the lowfrequency range did not change over the 6-month period in either OSA group or in control subjects. Spectral measures of RR-interval variability in the low-frequency range increased in subjects with severe OSA (β = 0.008 ± 0.003, P = 0.02).
During sleep, SBP variability in the high-frequency range decreased in subjects with severe OSA (β = -0.02 ± 0.004, P < 0.0001). SBP variability in the low-frequency range did not change over the 6-month period in either OSA group or in control subjects. Spectral measures of RR-interval variability in the high-frequency range increased in all 3 groups at the end of 6-month period, (β = 0.076 ± 0.014, P < 0.0001) for controls, (β = 0.75 ± 0.014, P < 0.0001) for mild OSA, and (β = 0.68 ± 0.014, P < 0.0001) for severe OSA.
Mean BP and HR after Adenotonsillectomy
After adenotonsillectomy, a significant decrease in SBP and DBP during sleep was observed only in subjects with severe OSA. A significant decrease in heart rate was observed during wakefulness in subjects with severe OSA. There was no change, however, in BP during wakefulness in any of the 3 groups (Table 5) .
Pattern of Baroreflex Sensitivity During Sleep
Prior to adenotonsillectomy, children with severe OSA did not exhibit a monotonic increase in baroreflex sensitivity during the night. In contrast, healthy controls and children with mild OSA demonstrated monotonic increases in BRS for ascending and descending sequences and in highfrequency α (Figure 2 ).
At 6 weeks and 6 months after adenotonsillectomy, subjects with mild and severe OSA demonstrated significant monotonic increases in ascending and descending sequences and in high-frequency α (Figure 2 ).
Controls continued to show monotonic increases for ascending sequences descending sequences
and high-frequency α at 6 months following the baseline evaluation ( Figure 2 ). Low-frequency α did not demonstrate consistent changes during the night in any group at either the baseline or 6-month assessments.
Discussion
Our results demonstrate that children with moderate to severe OSA experience after adenotonsillectomy improvement in BRS and decrease in BP variability in the high frequency range during wakefulness and during sleep. An improvement in BRS in the low frequency range was also demonstrated during wakefulness. Both systolic and diastolic BP also decreased during sleep postoperatively in children with severe OSA. The increase in baroreflex sensitivity was predicted by declines in measures of OSA severity after surgery, namely the change in apneahypopnea and arousal indices. Moreover, a pattern of rising baroreflex sensitivity over the course of the night, similar to that observed in healthy controls, was restored after surgery in children with moderate to severe OSA. These findings, observed in the absence of any changes in baroreflex sensitivity among control subjects during the study period, support the concept that OSA might play a causal role in the development of baroreflex dysfunction in children. Despite the significant improvement in baroreflex sensitivity over a period of 6 months, it remained lower compared to healthy controls.
The changes in baroreflex sensitivity and prolongation of RR interval after treatment of OSA suggest that both reflex and vagal modulation of heart rate increase with the resolution of sleep apnea. The final product of the control of heart rate observed in this study suggests that the 13 balance between the sympathetic and parasympathetic favors parasympathetic predominance with the resolution of sleep apnea. Several models of baroreflex modulation of sympathetic output have been proposed. One model that has general acceptance is that baroreceptor stimulation has a direct inhibitory effect of sympathetic discharge. 17 18 It is therefore plausible that in our study population decrease in baroreflex sensitivity contributes to sympathetic predominance in the presence of sleep apnea and parasympathetic predominance after adenotonsillectomy. Muzumdar et al. 19 and Kaditis et al. 20 described an increase in parasympathetic predominance after treatment of sleep apnea leading to a decrease in heart rate and an increased in heart rate variability in the high-frequency range. Their findings concur with our own observation, which showed an increase in vagal tone modulation of heart rate after adenotonsillectomy. However, the magnitude of the decrease in heart rate seen in our study population was smaller than that described by both authors. Likely reasons for the disagreement in the findings during sleep might be due to the younger age and the more severe sleep apnea and hypoxia in their study population and the statistical analysis approach based on paired t tests.
In a previous report, we have shown that baroreflex sensitivity in the low-frequency range in children with moderate to severe sleep apnea was significantly lower during sleep than that of healthy controls. 8 While the change after adenotonsillectomy in baroreflex sensitivity in the lowfrequency range described in the current report was small and not statistically significant, it was enough to approximate that of healthy controls.
The results of the spectral analysis indicate that the baroreflex sensitivity in the respiratory frequency (high frequency range) is the predominant abnormality observed in children with OSA and that the main improvement in cardiovascular reflex with the resolution of sleep apnea occurs within that frequency. These data reinforce previous findings about the coupling between the triad that includes respiratory drive, baroreflex sensitivity and sympathetic discharge. [21] [22] [23] [24] The presence of a respiratory rhythm in sympathetic nerve activity has been well described and documented. Sympathetic neurons to the heart are activated during early inspiration with a postinspiratory or early expiratory inhibition. The magnitude of the respiratory modulation is proportional to respiratory drive. 22, 25 However, the sympathetic excitability by the central respiratory drive is opposed by vagal lung inflation that exerts an opposite effect on central sympathetic excitability. 24 Thus, the dynamic changes in baroreflex-sympathetic coupling during the respiratory cycle are due to the continuous change of central respiratory drive and vagal lung inflation afferent activity. Based on our findings, we postulate that disturbance in the respiratory-baroreflex coupling is the likely explanation for baroreflex dysfunction in children with OSA.
The abnormalities in baroreflex sensitivity described in this report both during wakefulness and during sleep are present during periods of spontaneous respiration that are free from any obstructive events. Further, baroreflex sensitivity continues to gradually improve from 6 weeks to 6 months postoperatively but fails to completely normalize. These seminal findings raise the question about whether OSA simply causes resetting of the baroreceptor or whether it induces structural remodeling in the network of neurons, which regulate this cardiovascular reflex.
Further investigation is needed to determine whether the degree of severity of OSA described in this report actually contributed to abnormal structure of the baroreceptor centers in the brain.
Although there is considerable evidence supporting the association between OSA and autonomic dysfunction in adults, [26] [27] [28] only a small number of studies have investigated this relationship in children. In a study assessing heart rate variability during sleep through spectral analysis, Baharav et al. demonstrated impaired vagal control of HR and a shift towards sympathetic predominance in children with OSA compared to control subjects. 29 Increased sympathetic vasomotor tone has also been described in children with OSA 30 . Blunted baroreflex sensitivity has been demonstrated during wakefulness and sleep in children with moderate to severe OSA. 8, 31 The present study is the first in children to demonstrate the improvement of baroreflex sensitivity after resolution of OSA.
The significance of our results stems from evidence that blunted baroreflex sensitivity and associated increases in BP variability are risk factors for cardiovascular morbidity. In a prospective study investigating risk factors for the development of hypertension in healthy adults, lower baroreflex sensitivity at study entry was found to independently predict the onset of hypertension over a 5-year period.
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In another prospective population-based study of ambulatory BP in more than 1500 adults, a linear relationship was observed between daytime SBP variability and relative risk for cardiovascular mortality. 33 In children, decreased baroreflex sensitivity has also been described in pre-hypertensive children 3 , a group at risk for progressing to hypertension in adulthood. Taken together, these findings suggest that baroreflex dysfunction may predispose to the development of hypertension.
It has been demonstrated that increased BP variability is associated with end organ remodeling independently of mean 24-hour BP. 34, 8 We previously demonstrated an association between increasing BP and BP variability and left ventricular remodeling in normotensive children with OSA. 8 Collectively, these observations suggest that baroreflex dysfunction in children with OSA could plausibly increase risk for the early development of cardiovascular disease.
Some of our findings differ from animal and human studies. Specifically, we found that the decrease in the frequency of episodes of 3% oxygen desaturation after surgery was not associated with changes in baroreflex sensitivity. This finding is at odds with results from animal studies demonstrating that chronic intermittent hypoxia leads to decreased baroreflex sensitivity. 35, 36 In the majority of these studies, episodes of hypoxia were more frequent and more severe compared to those experienced by most children with OSA. Additionally, Ryan et al. 37 observed that the frequency of 4% desaturations predicts decreased nocturnal baroreflex sensitivity in adults with
OSA. Compared to the study from Ryan and colleagues, subjects in our study had a much lower frequency of hypoxic events. We therefore speculate that a threshold exists for the frequency and/or severity of hypoxic events that is necessary to result in depressed baroreflex sensitivity.
Several strengths of our study merit discussion. In our analyses, we adjusted for confounding factors, such as age and BMI, which are known to impact baroreflex function. 38 In this manner, we were able to discern the independent effect of OSA treatment on baroreflex sensitivity.
Control subjects underwent assessment of baroreflex sensitivity on two occasions, at a similar interval as children with OSA before and after adenotonsillectomy. We thereby accounted for any normal changes in baroreflex function that may occur over time. Finally, all subjects had PSG performed, thus enabling determination of changes in measures of OSA severity over the study period. This information permitted analyses demonstrating that declines in OSA severity predict improvement in baroreflex sensitivity.
An inherent limitation in assessing baroreflex sensitivity during sleep is the inability to control for differences in respiration between individuals and across sleep-wake states. 39 In an attempt to minimize the effect of differences in respiration between groups and in children with OSA before versus after surgery, we excluded segments of the recordings that coincided with obstructive events. However, we cannot exclude the possibility that persistent differences in respiratory pattern may have confounded our results. Another limitation that is not uncommon in sleep disorders clinical trials is the presence of missing data due to attrition. 15 In order to remedy this limitation, we performed sensitivity analyses to investigate whether the intervention effect of those who missed visits may be similar to the effect of subjects who remained in the study. We first compared attrition patterns for each of the groups with respect to baseline clinical and demographic characteristics of subjects. Secondly, we analyzed the changes in baroreflex sensitivity in both available and complete cases. The finding of identical results from both analyses demonstrate the internal validity of the study.
Conclusion:
This study demonstrates that children with OSA experience significant but only partial improvement baroreflex sensitivity after treatment of OSA by adenotonsillectomy. This improvement was accompanied by decreases in BP and BP variability and decrease in heart rate.
Our results suggest that autonomic impairment may be an important early mechanism leading to cardiovascular morbidity in OSA. 
